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DESIGN ASSUMPTIONS – LOADINGS (CONT.) 
 
3) Piles 

a. Stresses in the piles due to bending need not be considered in design calculations except for 
seismic design in categories B, C, and D. 

 
b. The following four loading cases should be considered. 

 
Case Vertical Loads Horizontal Loads Special Consideration 

I DL + E + SUR EP + SUR - 
II DL + LL + E + SUR EP + SUR - 
III DL + LL + E EP - 
IV DL + LL + E None Allow 25% Overstress 

 
Where, 
LL = live load 
DL = dead load of superstructure, substructure and one half of the approach slab 
SUR = two feet of live load surcharge 
E = dead load of earth fill 
EP = equivalent fluid pressure of earth 
Maximum pile pressure = pile capacity 
Minimum pile pressure  = 0 (tension on a pile will not be allowed for any combination of 
forces except as noted) 

 
4) Analysis Procedure 

a. Find the lateral stiffness of a pile, Kδ: 
With fixed pile-head (i.e., only translation movement is allowed but no rotation allowed): The 
lateral stiffness of a pile can be estimated using Figures 1 and 3 or 2 and 3 for pile in 
cohesionless or cohesive soil, respectively.  The method of using Figures 1, 2, and 3 to find 
lateral stiffness is called Linear Subgrade Modulus Method.  Usually the significant soil-pile 
interaction zone for pile subjected to lateral movement is confined to a depth at the upper 5 to 
10 pile diameters.  Therefore, simplified single layer stiffness chart shown in Figure 3 is 
appropriate for lateral loading.  The coefficient f  in Figures 1 and 2 is used to define the 
subgrade modulus Es at depth “z” representing the soil stiffness per unit pile length.  For the 
purpose of selecting an appropriate f value, the soil condition at the upper 5 pile diameters 
should be used.  Since soil property, friction angle φ, or cohesion c, is needed when Figure 1 
or 2 is used, determine soil properties based on available soil boring data.  If soil boring data 
is not available, one can conservatively use f  value of 0.1 in Figure 3.  Designer may also 
use soil properties from Table 6.1.2.4.2 in Bridge Manual Section 6.1 to convert SPT N value 
to friction angle φ, or cohesion c, for granular or cohesive soil, respectively.  Figures 1 and 2 
were based on test data for smaller-diameter (12 inches) piles, but can be used for piles up to 
about 24 inches in diameter.  In Figure 2, the solid line (by Lam et al. 1991) shall be used in 
design. 

 
b. Find the axial stiffness of a pile, Ka: 

 
For friction pile, Ka may be determined based on a secant stiffness approach as described in 
Bridge Manual Section 6.1 – Seismic Design or by the in-house computer program 
“SPREAD” where Ka is calculated as: 

bf QQa KKL
AEK

11

'

11 ++=   Equation (1) 
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Where: 
A  = cross sectional area of pile 
E = elastic modulus of pile 
L’ = total length of pile 
KQf = secant stiffness due to ultimate friction capacity of the pile as described in Bridge 

Manual Section 6.1 
KQb = secant stiffness due to ultimate bearing capacity of the pile as described in Bridge 

Manual Section 6.1 
 

For HP bearing pile on rock Ka shall be calculated as: 

fQa KL
AEK

1

'

11 +=   Equation (2) 

 
Or Conservatively, Ka may be determined as: 

'L
AEKa =     Equation (3) 

 

 
Figure 1. Recommended Coefficient f of Variation in Subgrade Modulus with 
Depth for Sand 
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Figure 2. Recommended Coefficient f of Variation in Subgrade Modulus with 
Depth for Clay 
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Figure 3. Lateral Embedded Pile-Head Stiffness  
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c. Find the equivalent cantilever pile length, L  
For the structural model used in the structural analyses of loading cases I through IV.  As 
shown in Figure 4, length L can be calculated as:  

3/1
12

��
�

�
��
�

�
=

δK
EIL   Equation (4) 

 

 
Figure 4. Structural Model 

 
d. Find the equivalent pile area, Ae:  

Once the equivalent cantilever pile length has been determined from step (c) above, the 
equivalent axial rigidity of the pile, ee EA * , can be calculated as LKEA ae =* .  Then, the 
equivalent pile area, Ae, is equal to  

E
LKA a

e =   Equation (5) 

 
e. Perform structural analyses for loading cases I through IV. 

Use computer programs STRUCT3D, SAP2000 or any other program capable of running 
static analysis. 
 

f. Check abutment movement at the top of backwall and at the bottom of beam cap. 
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Maximum movement away from the backfill shall not be greater than 1/8”.  Maximum 
movement toward the backfill shall not be greater than ¼”. 

 
g. Check pile axial loads from the analysis with the allowable pile axial load capacity described 

in Bridge Manual 3.74. 
 

h. Check overturning of bent. 
Conservatively, use the same equivalent cantilever pile length, L.  Check overturning of bent 
at the bottom of toe pile for loading cases I and II (Figure 4).  

 

Case I Point of 
Investigation 

Vertical 
Loads 

(*) 

Horizontal 
Loads 

Factor of 
Safety 

(**) 
I Toe Pile DL + E EP + SUR 1.2 
II Toe Pile DL + LL + E EP + SUR 1.5 

 
* Factor of safety is the ratio of resisting moment to overturning moment.  Do not include pile 

reactions when calculating resisting and overturning moments. 
** Neglect vertical surcharge and approach slab dead load for overturning check. 

 
5) Deadman Anchorage System 

Deadman anchorage can be used when the abutment movement exceeds the allowable 
movement. 
 
The size and location of deadman anchorage shall be designed appropriately to maintain the 
stability of the abutment. 
 
The deadman forces may be used to resist overturning with the approval of the Structural Project 
Manager. 
 

6) Passive Pressure Shear Key (if applicable) 
Passive pressure shear key may be used when the abutment movement exceeds the allowable 
movement. 
 
The passive resistance of soil to the lateral force at shear keys may be used with the approval of 
structural project manager.  See examples in Bridge Manual Section 3.62.3 for detail calculation. 
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DESIGN EXAMPLES (CONT.) 
EXAMPLE 2: 
 
Calculate the abutment movement, overturning, and individual pile loads of the abutment shown in Figure 
5.  All piles are HP 12x53 with allowable pile axial loads of 70 tons (140 kips).  The allowable abutment 
movement at the top of backwall is 1/8”.  Four loading cases I, II, III, IV are considered in accordance with 
this memo.  Use Linear Subgrade Modulus Method (see Figures 1, 2 and 3 for estimating pile lateral 
stiffness and equivalent cantilever pile length).  Soil friction angle φ of 30 degrees is assumed.  The axial 
stiffness, Ka, of each pile is assumed to be equal to 2294 kips/in. 
 

Figure 5. Non-integral End Bent 
 
 
Given: 
Equivalent soil fluid pressure, EP = 75.0  kips 
Horizontal live load surcharge, S = 33.81 kips 
Vertical live load surcharge, SUR =  1.68 kips 
Substructure dead load, DL (sub) = 200.3 kips 
Superstructure dead load, DL (sup) = 173.9 kips 
Superstructure live load, LL (sup) = 215.2 kips 
Earth fill dead load, E   = 1.446 kips 
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Solution 
 

1) Find the lateral stiffness of piles with fixed pile-head (no rotation allowed): 
Soil friction angle φ, is 30 degrees, from Figure 1, the subgrade coefficient, f = 12 lbs/in.3 
 
The average pile embedment length is about 2’ < 5’.  Then, use embedment length of zero feet in 
Figure 3 to calculate pile-head lateral stiffness, Κδ.  Bending stiffness of pile HP 12x53 is equal to 
EI = (29000*393) = 11397000 kips-in.2 = 1.1x1010 lbs-in.2.  From Figure 3, Κδ  is equal to 6.0x104 
lbs/in. = 60 kips/in. 

 
2) Structural model: 

The equivalent cantilever pile length, L, can be obtained by using the following equation; 

3

12
L
EIK =δ   

=�
�

�
�
�

�=��
�

�
��
�

�
=

3/13/1

60
113970001212 x

K
EIL
δ

131.6 in. = 10.97 ft.  

 
Thus, the structural model used in STRUCT3D is shown in Figure 6 with the equivalent cantilever 
pile length of 10.97 feet.  The corresponding equivalent axial rigidity, Ae*E, is equal to Ka*L = 
(2294*131.6) = 301890.4 kips.  From Equation (5), Ae = 10.41 in.2. 
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Figure 6. Structural Model in STRUCT3D Program 
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The structural model in Figure 6 consists of three equivalent cantilever piles connected to a rigid body 
at joints 4, 5, and 6.  The equivalent moment of inertia and cross-section areas of heel, middle, and 
toe piles are: 
 

 2 Heel Piles 1 Middle Pile 10 Toe Pile 
Moment of Inertia, I (in.4) 786 393 3930 
Equivalent Length, L (ft.) 10.97 10.97 10.97 

Equivalent Pile Area, A (in.2) 20.82 10.41 104.1 
 

3) Check abutment movement: 
The analytical output from the computer program STRUCT3D shows that the maximum abutment 
movement (away from backfill) at the bottom of the beam cap is 0.015” which is less than 
allowable movement of 1/8”.  Therefore, deadman anchorage is not required in this example.  
Also note that the maximum abutment movement (toward backfill) at the top of backwall is 0.15” 
which is less than ¼”.  There is not any movement away from the backfill at the top of backwall 
for all loading cases. 
 
The input data file for this example is available in the drive I:\gerj\stress\exam5c.str.  You can 
copy and modify it for your project. 
 

4) Pile capacity check: 
From STRUCT3D output, maximum pile compressive loads are; 
Pheel = 296.6/2 = 148.3 kips = 74 tons < 87.5 tons O.K. (125% of 70 tons, load case IV only ) 
Pmiddle = 114.2 kips = 57.1 tons < 70 tons O.K. 
Ptoe = 388.2/10 = 38.8 kips = 19.4 tons < 70 tons O.K. 
 

5) Check abutment overturning: 
Check critical plane at 10.97 feet below the bottom of beam cap. 
For Case I, 
Resisting moment, Mr = (1.446)(8.08) + (200.3)(6.85) + (173.9)(4.405) = 2149.7 kips-feet 
Overturning moment, Mo = (75)(13.92) + (33.81)(15.4) = 1564.9 kips-feet 
SF = Mr / Mo = 2149.7/1564.9 = 1.37 > 1.2  O.K. 
 
For Case II, 
Resisting moment, Mr = 2149.7 + (215.2)(4.405) = 3097.6 kips-feet 
Overturning moment, Mo = (75)(13.92) + (33.81)(15.4) = 1564.9 kips-feet 
SF = Mr / Mo = 3097.6/1564.9 = 1.98 > 1.5  O.K. 
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